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Abstract

Recently, the biomedical engineering field has developed at a very fast pace as improved
techniques and materials become available to promote its growth. Consequently, the research in
polymeric biomaterials has been highly stimulated by this trend. The goal of the current research
is to demonstrate the usefulness of the Raman scattering, Raman mapping, and infrared
absorption spectroscopies to tissue engineering, by spectroscopically characterizing blends of
PLLA and PCL polymers, which were prepared by electrospinning with and without cell
addition. The proposed use of these blends is as primary biomaterials in biodegradable scaffolds
used in tissue engineering. Both Raman and infrared absorption spectra showed a direct relation
between the relative intensities of the characteristic molecular vibrations of the individual
polymers with their concentrations in each blend. The confocal Raman mapping of the samples
that were prepared by co-electrospinning allowed direct visualization of different polymeric
fibers. These images not only reveal the microstructural characteristics of each polymer, but
they are also in good agreement with the Raman scattering results. Furthermore, by performing
Raman mapping inside a single fiber, the homogeneity of the polymeric mixture can be
visualized. These results demonstrate the existence of sub-domains of non-interacting polymers.
The broadening of the cell characteristic peak at 1661 cm-1 observed in the Raman spectra of the
blends seeded with C2C12 myoblasts, could be an indication of cell attachment onto the
scaffolds.

vi

Table of Contents
Acknowledgements ..................................................................................................v
Abstract .................................................................................................................. vi
Table of Contents .................................................................................................. vii
List of Tables ......................................................................................................... ix
List of Figures ..........................................................................................................x
Chapter 1: Introduction ............................................................................................1
1.1 Objective ................................................................................................1
1.2 Background ............................................................................................2
1.3 Nanofibrous Scaffolds ...........................................................................4
1.4 Properties and Applications of PCL and PLLA .....................................5
1.4.1 Poly(ε-caprolactone) .....................................................................5
1.4.2 Poly(L-lactic acid) ........................................................................7
1.5 PLLA/PCL Blends .................................................................................9
1.5.1 Overview .......................................................................................9
1.5.2 Mechanical Properties .................................................................10
1.5.3 Spectroscopic Properties .............................................................11
1.5.4 Review of cell studies with PLLA/PCL blends ..........................12
Chapter 2: Experimental Details ............................................................................15
2.1 Electrospinning ....................................................................................15
2.1.1 Brief History ...............................................................................15
2.1.2 Introduction to Electrospinning ..................................................15
2.2 Infrared Spectroscopy ..........................................................................17
2.2.1 Brief History ...............................................................................17
2.2.2 Introduction to Infrared Spectroscopy ........................................18
2.3 Raman Spectroscopy............................................................................24
2.3.1 Brief History ...............................................................................24
2.3.2 Introduction to Raman Spectroscopy ..........................................24
2.4 Comparison of Raman Vs. Infrared Spectroscopy ..............................27
2.5 Experimental Set-up.............................................................................28
vii

2.5.1 Electrospinning Set-up ................................................................28
2.5.2 Infrared Set-up ............................................................................30
2.5.3 Raman Set-up ..............................................................................32
2.6 Sample Preparation ..............................................................................33
2.6.1 First set of samples......................................................................33
2.6.2 Second set of samples .................................................................35
Chapter 3: Results and Discussion .........................................................................38
3.1 Results from measurements of the PLLA/PCL scaffolds ....................38
3.1.1 Raman Scattering ........................................................................38
3.1.2 Raman Imaging ...........................................................................44
3.1.3 FTIR Absorption .........................................................................49
3.2 Results from measurements of the scaffolds seeded with myoblasts ..54
3.2.1 Raman Scattering ........................................................................54
3.2.2 Raman Imaging ...........................................................................58
Chapter 4: Conclusions and Future Work ..............................................................70
4.1 Conclusions ...........................................................................................70
4.2 Future Work ..........................................................................................72
References ..............................................................................................................73
Curriculum Vita .....................................................................................................78

viii

List of Tables

Table 2.1: Parameters of operation used in the Bruker instrument............................................... 32
Table 2.2: Parameters of operation utilized in the WiTec Alpha 300R spectrometer .................. 33
Table 2.3: List of the first set of samples prepared and analyzed ................................................. 34
Table 2.4: List of the second set of samples prepared and analyzed ............................................ 35
Table 3.1: Characteristic vibrations used in Raman mapping for visual differentiation of the
micro and nano-regions of the scaffolds with cells. ..................................................................... 60

ix

List of Figures

Figure 1.1: Chemical structure of Poly(ε-caprolactone) ................................................................. 6
Figure 1.2: Chemical structure of ε-caprolactone. [Source: wolframalpha.com] .......................................... 7
Figure 1.3: Chemical structure of Poly(lactic acid) ........................................................................ 8
Figure 1.4: Chemical structure of lactic acid. [Source: wolframalpha.com] ................................................. 8
Figure 1.5: Chemical structure of lactide. [Source: wolframalpha.com] ....................................................... 9
Figure 2.1: Schematic representation of the electrospinning process [en.wikipedia.org] ...................... 17
Figure 2.2: The electromagnetic spectrum [en.wikibooks.org] .............................................................. 19
Figure 2.3: Schematic representation of the Michelson Interferometer [en.wikipedia.org] ................... 21
Figure 2.4: Typical background interferogram ............................................................................. 22
Figure 2.5: Optics subsystem of a Fourier transform spectrometer [scienceworld.wolfram.com] .............. 23
Figure 2.6: Representation of the two types of Raman shifts [46]. .............................................. 26
Figure 2.7: Relative strength of the different types of scattering ................................................. 26
Figure 2.8: Infusion pump model NE-300 from New Era Pump Systems located at the
Department of Mechanical Engineering at UTEP. ....................................................................... 28
Figure 2.9: Kd Scientific infusion pump model KDS-200 located at UTEP Department of
Mechanical Engineering ............................................................................................................... 29
Figure 2.10: Target device of the electrospinning set-up at UTEP Department of Mechanical
Engineering ................................................................................................................................... 30
Figure 2.11: Bruker IFS 66v/S spectrometer at the UTEP Department of Physics ...................... 31
Figure 2.12: Internal scheme of the Bruker IFS 66v/S spectrometer [courtesy of Bruker Inc.] ................ 31
Figure 2.13: WiTec Alpha 300R confocal Raman system at UTEP Department of Physics ....... 32
x

Figure 3.1: Raman spectra of PLLA, PCL, and their blends, in the 2700 – 3200 cm-1 region ..... 39
Figure 3.2: Raman spectra of the samples in the 800 – 2000 cm-1 region .................................... 40
Figure 3.3: Comparison of the Raman spectra of PLLA100/PCL100 and PLLA50/PCL50 in the
higher 2700 - 3200 cm-1 frequency region .................................................................................... 42
Figure 3.4: Comparison of the Raman spectra of PLLA100/PCL100 and PLLA50/PCL50 in the
lower 800 - 2000 cm-1 frequency region ....................................................................................... 43
Figure 3.5: Optical image of PLLA100/PCL100 showing a mark around the area scanned by
Raman imaging ............................................................................................................................. 45
Figure 3.6: Raman image of PLLA100/PCL100 (green: PLLA, red: PCL) ................................. 46
Figure 3.7: Optical image of PLLA50/PCL50 showing a mark around the area mapped by
Raman imaging ............................................................................................................................. 47
Figure 3.8: Raman image of PLLA50/PCL50 (green: PLLA, red: PCL) ..................................... 48
Figure 3.9: Infrared spectra of the blends and pure polymers in the 2700 to 3200 cm-1 region ... 49
Figure 3.10: Infrared spectra of PCL, PLLA and their blends in the 100 – 2000 cm-1 region ..... 51
Figure 3.11: Comparison of infrared spectra of PLLA100/PCL100 and PLLA50/PCL50 in the
2600 - 3300 cm-1 region ................................................................................................................ 52
Figure 3.12: Comparison of infrared spectra of PLLA50co and PLLA50 in the 100 - 2000 cm-1
region ............................................................................................................................................ 53
Figure 3.13: Raman spectra of day 3 PLLA/PCL blends seeded with C2C12 cells in the 2700 3200 cm-1 frequency region. ......................................................................................................... 55
Figure 3.14: Raman spectra of day 3 PLLA/PCL blends seeded with C2C12 myoblasts in the 800
- 2000 cm-1 frequency region. ....................................................................................................... 57

xi

Figure 3.15: Optical image of the 2-PLLA25/PCL75 scaffold with myoblasts; the area to be
mapped is shown within the white box ......................................................................................... 59
Figure 3.16: Raman image of a selected area of the 2-PLLA25/PCL75 scaffold with myoblasts;
blue: cells, green: PLLA, red: PCL............................................................................................... 61
Figure 3.17: Raman image of 2-PLLA25/PCL75 scaffold with cells, showing the regions where
vibrations in the 2926 - 2938 cm-1 frequency range are found ..................................................... 62
Figure 3.18: Optical image of the 2-PLLA50/PCL50 scaffold with myoblasts; the area to be
mapped is shown within the white box ......................................................................................... 63
Figure 3.19: Raman image of a selected area of the 2-PLLA50/PCL50 scaffold with myoblasts;
blue: cells, green: PLLA, red: PCL............................................................................................... 64
Figure 3.20: Raman image of 2-PLLA50/PCL50 scaffold with cells, showing the regions where
vibrations in the 2916 - 2925 cm-1 frequency range are found ..................................................... 65
Figure 3.21: Optical image of the 2-PLLA75/PCL25 scaffold with myoblasts; the area to be
mapped is shown within the white box ......................................................................................... 66
Figure 3.22: Raman image of a selected area of the 2-PLLA75/PCL25 scaffold with myoblasts;
blue: cells, green: PLLA, red: PCL............................................................................................... 67
Figure 3.23: Raman image of 2-PLLA50/PCL50 scaffold with cells, showing the regions where
vibrations in the 2916 - 2925 cm-1 frequency range are found ..................................................... 69

xii

Chapter 1: Introduction
This chapter declares the statement of the objective of the research; then it covers some
general background and literature review regarding the materials used in this work, followed by
an overview of nanofibers. Next, the properties and applications of the pure polymers (PCL and
PLLA) are addressed before presenting a synopsis in polymer blends. The chapter finalizes with
a review of previous studies on PLLA/PCL blend scaffolds seeded with different types of cells.

1.1

OBJECTIVE
The main focus of this work is the spectroscopic characterization, by using Raman and

infrared absorption spectroscopies, of polymeric blend samples for use as primary materials in
scaffolds for tissue regeneration, while simultaneously demonstrating the advantages of Raman
mapping/imaging and infrared absorption spectroscopy in the biomedical field.
Two polymers were used in this study to prepare the blends, poly(L-lactic acid) (PLLA)
and poly(ε-caprolactone) (PCL). Additionally, a second set of scaffolds was seeded with mouse
C2C12 myoblasts and analyzed via Raman spectroscopy and mapping/imaging. Myoblasts are
known to differentiate into three types of myocytes: skeletal muscle, smooth muscle, and cardiac
muscle myocytes. The envisioned goal of this type of study would be the successful myoblast
attachment onto the scaffolds, their proliferation, and differentiation into viable cardiac
myocytes; ultimately achieving the effective regeneration of damaged cardiac tissue.
The results from this research can be used in combination with other research projects
based on supplementary types of characterization of the same materials to achieve a
comprehensive understanding of the material properties.
The complete characterization of materials for biomedical use, in this case, scaffolds, is
of utmost importance in order to enable and facilitate the task of designing different types of
scaffolds with particular properties to make them suitable for the type of tissue to be regenerated
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and compatible with the environment in which they’ll function. This characterization task should
be improved by the use of state of the art techniques.
In the particular case of morphological characterization, the most commonly used
technique is scanning electron microscopy (SEM). SEM is an excellent high-resolution
characterization method; nonetheless, it has the shortcoming of lacking the ability to visually
differentiate between two different compounds within a micro-region of a single sample. This
limitation can be addressed by exploiting the advantages of the relatively recent confocal Raman
mapping/imaging technique, which allows the researcher, first, to locate the region of interest,
and then, to differentiate sub-domains of compounds with different spectroscopic signatures
within that region, all of this in a visual mode. Also, the technique is considered non-invasive as
the measurements can be performed without sample alteration. Another advantage of the Raman
mapping technique is the ability to perform depth profiles which can yield 3D images. It is also
necessary to state that this technique is limited by the locality of the measurements; although it is
possible to map an area within a sample in the micro-scale, the amount of time for the
measurement is considerably larger as the area to be measured is increased.
Certainly, this technique provides a valuable improvement in the further understanding of
the behavior of materials at the micro- and nano-scales.

1.2

BACKGROUND
Nowadays, tissue engineering is a very active research area. Its relevance resides not only

in the current advancements in technology, but mainly in that it has a direct impact on the quality
of life of individuals and society.
A big challenge in tissue engineering arises when deciding which type of matrix to use as
a template for the growing of new cells and their proliferation and differentiation in vivo. This
matrix or template is called a scaffold. The type of scaffold to be used depends on the specific
situation.
2

The complexity of the decision derives from the appropriate variation of mechanical,
biocompatibility, and biodegradability properties of a scaffold which depend on several factors,
including: the materials used for building the scaffold, the composition if the scaffold is made
from more than one material, the final micro/nano-structure of the scaffold, the growth factors
used, etc.
Moreover, the intra-body environment in which the scaffold is going to be implanted, the
type of cell that is desired to be cultured, and the regeneration rate of that type of cell, are all
factors that must be considered when customizing the properties of the scaffold. These
complexities have been addressed by the recent improvements in the development and
processing of new polymeric materials. Scientific and technological advancements have widened
the range of applications for such materials in drug delivery [1], orthopedic devices [2], and
tissue engineering [3,4,5]. The result has been a variety of new materials with optimized
properties, such as increased wear resistance, enhanced biocompatibility, and controlled
biodegradability, all of them important in the design of scaffolds for tissue regeneration.
Scaffolds used in the biomedical field have specific design requirements in order to be
considered ideal for in vivo applications [3]. These can be summarized into:

1) It must be physically possible for cells to adhere and proliferate on the scaffold
surface.
2) There shouldn’t be any signs of inflammation and/or toxicity caused by the materials
or their degradation products.
3) The processing of the scaffold into a 3D structure should be reproducible.
4) The structure must have a porosity greater than 90% as a large surface area is needed
for cell-polymer interactions, extracellular matrix regeneration, and to minimize the
diffusional constraints.
5) The materials should be fully resorbable.
6) The degradation rate of the scaffold has to match the specific cell regeneration rate.
3

There are pure polymers that have some of the properties mentioned above; nonetheless,
these same materials exhibit some disadvantages, too. For that reason new materials such as
polymeric composites and blends are being developed to tackle the disadvantages while retaining
the advantages. Additionally, innovative processing techniques have evolved to achieve optimal
structures.

1.3

NANOFIBROUS SCAFFOLDS
As stated before, the ideal scaffold should have certain specific properties to be viable for

use in vivo. Many types of scaffolds have been used in the search for the ideal one. It has been
already evidenced that matrices formed of nanofibrous structures exhibit improved properties
over other kinds of structures [6,7,8]. The reason for this enhancement is that the structure of
nanofibrous scaffolds mimics the native extracellular matrix (ECM) structure in the human body,
thus providing a similar microenvironment as the natural one. Nevertheless, the role of the ECMmimicking scaffold is not limited to providing physical support for the cells; it should contain
adhesion proteins and should regulate cellular growth by the use of different types of growth
factors [8].
It is known that in the natural environment the propagation of cells follows the
nanofibers’ alignment [8]. In this context, electrospun nanofibrous scaffolds can be prepared
with specific fiber orientations. For example, Xu et al. [6] showed in their study that the
cytoskeleton proteins within smooth muscle cells follow a distribution and organization along the
direction of the nanofibers.
Additionally, the use of nanofiber-yielding techniques allows the tailoring of the
mechanical properties of the engineered scaffold to adapt them to the necessities of the region of
the body in which the scaffold is going to be implanted [9].
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There have been many efforts to enhance the properties of scaffolds for individual
applications by using some type of nanofibrous structure. For instance, Hu et al. [7] created
nanofibrous PLLA scaffolds for culturing human aortic smooth muscle cells (HASMCs). In their
in vitro studies they found that cells showed a more rounded shape when they were grown on
nanofibrous matrices as compared to PLLA flat films. The SMMHC (smooth muscle myosin
heavy chain) gene expression level was higher for cells cultured on nanofibrous matrices. The in
vivo experiments exposed host tissue infiltration and HASMCs differentiation in the nanofibrous
3D scaffolds. They demonstrated that the nanofibrous scaffolds favor a contractile phenotype of
HASMCs making them useful in the tissue-engineering of vascular grafts. Venugopal et al. [10]
compared cell adhesion, proliferation, growth rate, and expression of human coronary artery
smooth muscle cells cultured in vitro in collagen, PCL, and collagen-covered PCL nanofibrous
scaffolds. The collagen-covered PCL nanofibers showed the best balance of attributes for blood
vessel engineering applications. Heydarkhan-Hagvall et al. [11] compared mechanical and
biochemical properties of gelatin and collagen/elastin, both with and without PCL, nanofibrous
scaffolds. It was found that the scaffolds with PCL added showed better mechanical properties
than the ones without PCL, while the gelatin/PCL scaffold exhibited cell migration into the
structure. Tillman et al. [12] showed the viability of electrospun PCL/collagen scaffolds for the
in vivo regeneration of vascular cells.

1.4

PROPERTIES AND APPLICATIONS OF PCL AND PLLA

1.4.1 Poly(ε-caprolactone)
Poly(ε-caprolactone) (PCL), see Figure 1.1, is a semi-crystalline polymer which is
produced by ring opening polymerization of the cyclic ester monomer ε-caprolactone, see Figure
1.2, and has some valuable features. As described by Castillo et al. [13], processing it is an
uncomplicated task. Its characteristics include a melting point (Tm) that ranges from 55 to 60 °C
and a glass transition temperature (Tg) at -60 °C. PCL degradation time varies from 2 to 3 years
5

under physiological conditions. It also exhibits a high permeability to small drug molecules and
preserves neutral pH conditions when degraded. Its slow erosion kinetics makes it appropriate
for long-term delivery applications and it is a viable polymer for blending. These are a few
reasons why PCL has been used in bioresorbable sutures, adhesion barriers, and scaffolds.
However, it also features a relatively high crystallinity which has a negative effect on its
compatibility with soft tissues and its biodegradability.

O
||
O – (CH2)5 – C
n
Figure 1.1: Chemical structure of Poly(ε-caprolactone)

It has been reported that PCL, which is a non-toxic material, has a tensile strength of ~23
MPa and an elongation at breakage above 700% [14]. Other authors have stated that PCL has a
slightly greater melting temperature (Tm) of 59- 64 °C and that it is hydrophobic and soluble in
several solvents. Furthermore, it has been reported that its crystallinity is inversely proportional
to its molecular weight and that it possesses excellent rheological and viscoelastic properties.
Additionally to the above mentioned characteristics PCL has FDA approval which makes it easy
to market [15].
Polymeric blends based on PCL can be classified into three types depending on
compatibility: a) having a single Tg, b) mechanically compatible, having a different Tg for each
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component with enhanced mechanical properties, and c) incompatible, featuring improved
properties of phase-separated components [15].

Figure 1.2: Chemical structure of ε-caprolactone. [Source: wolframalpha.com]

1.4.2 Poly(L-lactic acid)
Poly(lactic acid) or poly(lactide) (PLA), see Figure 1.3, is an aliphatic polyester that can
be synthesized in two ways: from lactic acid (see Figure 1.4) and by ring-opening polymerization
of lactide, which is the cyclic dimer of lactic acid [13]. PLA undergoes simple hydrolytic
degradation of the ester bond; the presence of enzymes is not required for this process to be
triggered [16]. Lactide is a chiral molecule (see Figure 1.5) which occurs as either one of two
enantiomers or optical isomers, i.e., L-lactide and D-lactide. The polymerization of D-lactide
yields semi-crystalline Poly(D-lactic acid) (PDLA). On the other hand, the polymerization of
naturally occurring L-lactide results in Poly(L-lactic acid) (PLLA), which is also semicrystalline. Finally, the polymerization of the racemic mixture of L-lactide and D-lactide
produces amorphous Poly(DL-lactic acid) (PDLLA) [14].
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Figure 1.3: Chemical structure of Poly(lactic acid)

As stated above, PLLA is a semi-crystalline polymer that has crystallinity around 37%
and a melting point that ranges between 175 and 178 °C. It also features a Tg of 60 to 65 °C [2].

Figure 1.4: Chemical structure of lactic acid. [Source: wolframalpha.com]

PLLA degrades slower than polyglicolide and faster than PCL. It has a high tensile
strength, features low extension, and has a modulus of about 4.8 GPa. These properties make it a
good material in load bearing situations, as in orthopedic devices. Its ability to form highstrength fibers, combined with the fact that it has FDA approval too, allows its use in scaffolds
for tissue regeneration [14]. PLLA degrades into lactic acid, which can be metabolized into water
and carbon dioxide through the citric acid cycle [17].
8

Figure 1.5: Chemical structure of lactide. [Source: wolframalpha.com]

Even though the degradation process of PLLA is mainly driven by hydrolysis, it is known
that, when used in vivo, its degradation is caused largely by a cellular process that is the product
of local inflammatory reactions [18].
The disadvantages of PLLA related to some of its biomedical applications are its
brittleness and stiffness. These shortcomings of its mechanical properties can be dealt with by
blending or by copolymerization with other polymers with suitable properties [13].

1.5

PLLA/PCL BLENDS

1.5.1 Overview
Although PCL and PLLA copolymers have been widely studied before for their many
applications [19,20], a different approach of working with more than one polymer, i.e., blending,
will be the focus of this study. Thus, in this work, blends of PCL and PLLA at different
concentrations were analyzed.
It is well known that blending polymers can enhance the original properties of the
individual components [21,22]. For example, to overcome the previously mentioned
disadvantages of PLLA, this polymer can be blended with the more flexible PCL.
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1.5.2 Mechanical Properties
At room temperature PLLA is in the glass state, while PCL is in the rubbery state [23].
Thus, it is expected that by mixing PLLA and PCL the blends will have an intermediate state.
The mechanical properties of PLLA/PCL blends have been extensively investigated in the past
[24,25,26,27,28,29,30,31].
Chen et al. [24] measured mechanical and thermal properties of membrane polymeric
blend samples of PLLA/PCL at different w/w% concentrations. The blends measured were
100/0, 80/20, 60/40, and 50/50. These authors found that the yield elongation (%) increased as
the concentration of PCL increased. Also, the elongation at break (%) increased when PCL was
added to PLLA and topped at ~152% in the 60/40 sample. Then, it decreased slightly. Other
properties such as the elastic modulus (MPa), yield strength (MPa), and break strength (MPa)
topped at about 21, 40, and 41 MPa respectively in the 80/20 sample; after that, these properties
decreased drastically at levels below the originals for pure PLLA. They also reported that Tg
decreased slightly to 56.4 °C in the 80/20 blend as compared to 57.3 °C in the pure PLLA
sample. The PLLA melting temperature (Tm (plla)) decreased about 5 °C to ~170 °C in the blends,
while the PCL melting temperature (Tm (pcl)) decreased slightly (up to ~1 °C) as the PCL content
decreased in the blends. The crystallinity temperature (Tcc) was reduced to about 91 °C in the
blends from the 110 °C of pure PLLA.
Dell’Erba et al. [32] studied PLLA/PCL samples prepared by melt blending at various
compositions with PCL being the dispersed phase. The immiscibility of these two polymers was
reported in this study. They also encountered the fact that the PLLA crystallization rate was
boosted by the existence of dispersed PCL domains, which were spherical in shape. This
observation was attributed to an increase in the nucleation rate. Another finding was that the
level of coalescence in the blends rises substantially as the dispersed phase concentration
increases.
Simoes et al. [25] prepared PLA/PCL blends by extrusion. They also confirmed the
immiscibility of PLA (~ 96% L-lactide) and PCL by using differential scanning calorimetry
10

(DSC). They observed that the addition of PCL to the PLLA matrix decreased the original
modulus and yield stress. The resulting material was a blend with increased ductility, flexibility,
and impact toughness, as well as less brittleness. Another improved property was the strain at
break, resulting in a reduced stress at break. Even though they observed phase separation via
SEM analysis, the blends showed, to some extent, adhesion at the interface between the phases.
Lebourg et al. [31] prepared and analyzed PLLA/PCL blends in porous membranes form.
By using a gravimetric method, they measured the porosity of the blends to be ~70%. They also
found their mechanical properties to be somewhere in between of those of the pure polymers.
The adhesion at the interfaces was found to be low when PCL regions are distributed within a
continuous PLLA matrix, whereas PLLA in a PCL matrix showed certain mechanical
reinforcement.

1.5.3 Spectroscopic Properties
On the subject of spectroscopic properties, more precisely those of Raman and infrared
absorption spectroscopies, there is a lot of research done on PLLA and PCL as pure polymers.
Nevertheless, there is very limited information in the literature about Raman and infrared
absorption spectroscopic studies of their blends.
Bakhshandeh et al. [33] analyzed PLLA/PCL and PLLA/PCL/nHA (with hydroxyapatite
nanoparticles attached into the polymers) blends using FTIR to evaluate the hydroxyapatite
integration into the polymers. They reported the 630 and 1016 cm-1 vibrations as characteristic of
the hydroxyapatite nanoparticles. The 632 cm-1 band was present in the PLLA/PCL/nHA blend,
but not in the PLLA/PCL blend. The 1016 cm-1 vibration was overlapped with the 1039 cm-1
band in the PLLA/PCL/nHA blend. According to the authors, these results proved successful
integration of the hydroxyapatite nanoparticles into the PLLA/PCL polymer blend.
Chen et al. [24] reported Fourier transform infrared (FTIR) data for PLLA, PDLLA, and
PCL, identifying the C=O peak at 1754 cm-1, the C-O-C peak at 1175 cm-1, and the C-C
11

vibration at 1200 cm-1. However, in their study they do not report FTIR results from the blends
they analyzed.
Kodama et al. [34] analyzed a PLLA/PCL blend with 50/50 wt% composition via wideangle X-ray diffraction (WAXD) and FTIR-ATR (attenuated total reflectance) with the intention
of finding the effect of electron beam irradiation on the degradability of the samples. In that
study, the authors were able to recognize the absorption peaks of both homopolymers and the
ones corresponding to the blend. The observed increase in the number of peaks in the 750 – 1500
cm-1 region was attributed to the higher amount of CH2 groups in PCL. Furthermore, no
frequency shifts between the spectra of the pure polymers and the spectrum of the blend were
seen, although there were modifications in the peak intensities. These observations led the
authors to the conclusion that the polymers were immiscible, but compatible. They also indicated
that the sensitivity of the FTIR-ATR technique was not enough to detect degradation in the
electron beam irradiated samples.

1.5.4 Review of cell studies with PLLA/PCL blends
There have been numerous experiments involving PLLA/PCL blends in several forms
proving their suitability for supporting attachment, proliferation, and differentiation of various
types of cells. Some examples are given next.
PLLA/PCL blend solution cast films were shown to be apt for supporting cell growth, as
the cell proliferation studies by Can et al. [35] demonstrated. They measured human umbilical
vein endothelial (HUVEC) cell proliferation in 95/5, 90/10, 85/15, and 80/20 PLLA/PCL blends
(w/w%). All the blends displayed a similarly large increase in cell population at days 7 and 14.
Regarding application on cartilage tissue regeneration, Zhao et al. [36] cultured bovine
chondrocytes in PLLA/PCL fibrous blends at 100/0, 90/10, 80/20, and 70/30 concentrations.
They observed that all the samples exhibited satisfactory cell attachment and morphology,
proving the blends are suitable for use in cartilage tissue engineering.
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In another study, Beckstead et al. [37] analyzed both natural and synthetic scaffolds,
including 50/50 PLLA/PCL blends. Rat esophageal epithelial cells (REEC) were seeded onto the
scaffolds in order to compare cell adhesion, proliferation, and differentiation. The authors found
that both the natural and synthetic scaffolds are suitable for epithelial cell adhesion and growth,
although the natural scaffolds performed better than the synthetic ones. They proposed that the
surface properties and pore size of the synthetic scaffolds could be modified in order to obtain
better results. Some of the suggestions include a scaffold with a gradient of pore sizes,
identification of growth factors and proteins present in the natural scaffolds, and addition of
other types of cells.
A comparison of cell affinity was performed on PLLA, PCL, PLLA/PCL blend, and
PLLA-b-PCL compressed films by Ajami-Henriquez et al. [38]. The cell adhesion and
proliferation studies were carried out with monkey derived fibroblasts (VERO) and with
osteoblasts. The results proved that all the scaffolds were able to support cell adhesion. Cell
proliferation was also observed in all the samples, but more significantly in PLLA-b-PCL.
Bakhshandeh et al. [33] used aligned nanofiber PLLA/PCL blends embedded with
hydroxyapatite nanoparticles as scaffolds for human unrestricted somatic stem cells (USSC). The
scaffolds proved to be appropriate for cell adhesion, proliferation, and differentiation into
osteogenic linage in order to repair damaged bone.
In a similar work, Aydin et al. [39] modified macroporous scaffolds of PLLA/PCL blends
with collagen and hydroxyapatite to promote scaffold compatibility with osteoblasts for bone
regeneration.
Forte et al. [40] studied the behavior of mesenchymal stem cells (MSC) and cardiac
progenitor cells (CPC) in PLLA, PCL, PLGA, and PLLA/PCL blend. The MSCs showed
maximum adhesion in the PLLA/PCL blend, whereas the CPCs showed minimal adhesion to the
same material. Both MSCs and CPCs had proper morphology and cytoskeleton organization in
all the samples. However, cell proliferation was not good on the blend. The authors conclude that
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more complexity in the concepts and more sophisticated protocols are necessary to better
understand the mechanisms of stem cell differentiation to cardiomyocytes.
The previous studies demonstrate the viability of PLLA/PCL blends for a wide range of
applications in tissue regeneration.
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Chapter 2: Experimental Details
In this chapter a brief history and introduction to the techniques applied in preparing and
characterizing the samples are reviewed. A comparison of the Raman and infrared techniques is
discussed afterwards. Lastly, the experimental set-up and sample preparation are presented.

2.1

ELECTROSPINNING

2.1.1 Brief History
The first observation of electrospinning was done by Rayleigh in 1897. The technique
was further investigated as electrospraying by Zeleny in 1914, and then was patented in 1934 by
Formhals. It was not until 1969, with the work of Taylor on electrically driven jets, that the
technique gathered a fundamental basis [41]. Later, many patents of devices designed to perform
electrospinning were filed.
During the last couple of decades electrospinning has gained increased attention due to its
applications in the ‘then-emerging’ field of nanotechnology. Today, the technique is widely used
in laboratories around the world, as it is an efficient and affordable way of creating micro/nanofibers from a wide range of materials.

2.1.2 Introduction to Electrospinning
The main objective of the electrospinning technique consists of creating micro/nanofibers from a material, which was previously prepared in melt or solution form, by taking
advantage of electrostatics principles.
Although there are several factors influencing the final fiber morphology, experimentally,
electrospinning is a relatively easy-to-implement technique. However the theory behind the
phenomenon is rather complex, especially when referring to the nonlinear instabilities present in
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the electro-charged jet. The theoretical discussion of electrospinning is beyond the scope of this
work.
For the experimental part, the process begins by preparing the material in solution or melt
form. After that, the solution is placed into the container, which is usually a syringe. A small
amount of pressure is applied to the dispenser until a small semi-spherical droplet is produced at
the tip of the needle and stabilized at that position by its surface tension. An electric field is
created between the needle and the target. This is accomplished by applying a high voltage to the
collector located at a fixed distance from the grounded needle. The electric field induces charge
on the surface of the droplet. When the intensity of the electric field is increased, the droplet
begins to stretch, forming a pointed contour, which is called the Taylor cone [42]. Eventually,
the electric field will reach a critical point where the surface tension will be overpowered by the
electrostatic repulsion. At this point a charged jet will be ejected from the Taylor cone. As the jet
travels to reach the target all the solvent is evaporated leaving only the solid material (solute).
At some point of the trajectory, the charged jet stops acting linearly and a number of
instabilities begin to emerge, giving rise to an accelerated whipping behavior. It is in this
whipping region where the diameter of the fiber decreases at an accelerated rate.
When the jet reaches the target the typical diameter is in the micro and/or nano scale, thus
creating a mesh of continuous micro/nano-fibers. Figure 2.1 exhibits the schematics of the
electrospinning set-up.
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Figure 2.1: Schematic representation of the electrospinning process [en.wikipedia.org]

2.2

INFRARED SPECTROSCOPY

2.2.1 Brief History
The first notion that visible light could be split up into sub-regions of different colors and
the coining of the term ‘spectrum’ was proposed by Isaac Newton in 1666.
However, the origin of infrared spectroscopy dates back to 1800 when Friedrich W.
Herschel discovered infrared radiation. In 1814, Joseph Fraunhofer described the absorption
lines in the spectrum of the Sun that were observed first by W.H. Wollaston in 1802. He also
developed the diffraction grating. Previously, in 1802, T. Young discovered the dark and bright
fringe pattern when he passed a light beam through a slit. In 1848 Foucault demonstrated the first
laboratory absorption spectrum using a flame with sodium which absorbed yellow light. A
cornerstone in spectroscopy was set by G. Kirchhoff in 1859 with his law that states that a body
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at a given temperature always emits and absorbs the same amount of light at the same
wavelength. Later, Kirchhoff and R. Bunsen explained the Fraunhofer lines in the spectrum of
the Sun and attributed them to the absorption of radiation emitted by the interior of the Sun by
elements in its atmosphere. They stated that each atom and molecule has a characteristic
spectrum [43]. In 1887 A.A. Michelson invented the interferometer that he and E. Morley used
in the Michelson-Morley experiment to demonstrate the constancy of the speed of light through
different inertial frames. This was the keystone that set the basis for the later development of
Fourier transform spectroscopy.

2.2.2 Introduction to Infrared Spectroscopy
The Electromagnetic Spectrum
The electromagnetic (EM) waves, having a wide range of frequencies and wavelengths
that are related by
c=λν

(Eq. 2.1)

where c is the speed of light in vacuum (299,792,458 m/s), ν is the frequency of the wave, and λ
is the wavelength, can be subdivided into different categories according to their energy. The
quantum of energy, or energy of a photon, of an electromagnetic wave is associated with
frequency and wavelength according to
E= h ν

(Eq. 2.2)

E=hc/λ

(Eq. 2.3)

that can also be expressed as

where E is the energy and h is Planck’s constant (6.63 x 10-34 J·s or 4.14 x 10-15 eV·s).
The set of all categories of electromagnetic waves is called the electromagnetic spectrum
(see Figure 2.2).
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Figure 2.2: The electromagnetic spectrum [en.wikibooks.org]

Sorted from the most energetic photons to the least, the categories of EM waves are:
cosmic rays, gamma rays, X-rays, ultraviolet, visible, infrared, microwaves, radio waves, and
audio waves.
The categories of EM waves usually overlap each other so there is no strict partition
where one category, say X-rays, begin and where the next, i.e. ultraviolet, begin.
The frequency of the electromagnetic waves is commonly expressed in wavenumbers
(w), given by
w=1/λ

(Eq. 2.4)

with units of cm-1.
The infrared region ranges from ~10 to 14,000 cm-1 and it can be further divided into
three zones: the near infrared (near-IR), which ranges from ~4,000 to 14,000 cm-1, the middleinfrared (mid-IR), which covers the ~400 to 4,000 cm-1 range, and the far-infrared (far-IR) that
spans the ~10 to 400 cm-1 sub-region. Although these subdivisions of the infrared region are
arbitrary, they are well known and generally accepted. The terms near, mid, and far were coined
in relation to the visible region of the EM spectrum.
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Infrared Absorption Spectroscopy
Infrared absorption spectroscopy studies the interactions of light with matter in the
infrared region of the electromagnetic spectrum. These interactions provide valuable information
about the molecular vibrations in the material, allowing identification of functional groups
present in the compound being analyzed.
For analyzing a material by infrared absorption spectroscopy, the sample is exposed to a
beam of infrared light (the source). The molecules within the sample absorb the waves that have
the same frequencies as the frequencies of their quantum vibrational states. The rest of the light
is transmitted through the sample. By collecting and analyzing the transmitted light in a detector,
it is possible to calculate the frequencies that were absorbed by the molecules in the sample.
The relation between the intensity of the incident beam and that of the transmitted beam
is given by
I/Io = exp[-A·t]

(Eq. 2.5)

where I is the intensity of the transmitted beam, Io is the intensity of the incident beam, A is the
absorption coefficient of the material, and t is the distance traveled within the material called the
path length.

Michelson Interferometer
The Michelson interferometer is the basis for the Fourier Transform spectrometers. In its
most basic form it is composed of a light source, two fixed mirrors, a beamsplitter/partially
silvered mirror, and a detector. Those components are arranged according to Figure 2.3.
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Figure 2.3: Schematic representation of the Michelson Interferometer [en.wikipedia.org]

This device creates an interference pattern by splitting an incident beam of light from the
source using a half-silvered mirror. Part of the beam is reflected to the mirror at the top and part
is transmitted to the mirror at the right, the two parts taking different paths. Then both beams are
reflected from their respective mirrors towards the beamsplitter, being recombined there and
directed towards the detector. If both path lengths are equal or differ by an integer amount of
wavelengths constructive interference and, consequently, a high signal in the detector occurs. If
the path lengths differ by half wavelengths destructive interference that will generate a low
signal in the detector is taking place. This is the interference pattern.
The infrared absorption technique was improved by the use of the Michelson
interferometer and the advent of integrated computer systems to solve complex computations in
a short period of time. This is the basis of the Fourier transform infrared absorption technique.
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Fourier Transform Infrared Absorption Spectroscopy (FTIR)
FTIR is based on the Michelson interferometer with the modification that it uses a
movable mirror. It is a non-dispersive technique, where all the frequencies are represented in a
single dynamic interference pattern, called an interferogram (See Figure 2.4).

Figure 2.4: Typical background interferogram

A Fourier transform spectrometer consists of two interconnected subsystems: the optics
system and the computing system. Figure 2.5 shows the arrangement of the mirrors in the optics
subsystem of an FT spectrometer. As the movable mirror changes its position, it varies the
optical path difference of the two split beams. When the optical path difference is zero a strong
signal is logged. All the data are recorded in the interferogram.
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Figure 2.5: Optics subsystem of a Fourier transform spectrometer [scienceworld.wolfram.com]

The information stored within the interferogram is then decoded via a Fourier transform
computation, which is performed by the computing system part of the spectrometer, to provide
the spatially separated frequencies. Then the data are plotted in a transmittance or absorbance
mode vs. wavenumber graph called the IR spectrum of the sample.
The advantages of the FT spectrometer over the conventional grating spectrometers were
addressed by Bell (1972) as the Fellgett or multiplex advantage and the Jacquinot or throughput
advantage. The multiplex advantage states that in the FT spectrometer one complete scan
contains all the information of the whole frequency range being analyzed, whereas in the grating
spectrometer the data obtained at a given time only contain information about a narrow region of
the frequency range. The throughput advantage refers to the fact that the FT spectrometer can
achieve high resolution using large amounts of energy, while in the grating spectrometers there is
an inverse linear dependence of the resolution with the width of the instrument’s slit [44].
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2.3

RAMAN SPECTROSCOPY

2.3.1 Brief History
Raman spectroscopy shares the same early origins as infrared spectroscopy. However, the
first observation of the molecular scattering of light was achieved by C.V. Raman and K.S.
Krishnan in 1928. The phenomenon was later called the Raman effect.
Although the Raman effect had a broad impact and C.V. Raman was awarded the Nobel
Prize for the discovery, at the beginning, Raman spectroscopy was not a very popular technique
among researchers because of the many handicaps it had. For example, it had the disadvantages
of weak intensity, long acquisition times, fluorescence interference, and inefficiencies in photon
collection and detection [45].
With improvements in technology, like personal computers, the charged-coupled device
(CCD), improved lasers, sophisticated filters, and the incorporation of confocal microscopy to
Raman instruments, now it is a widely used technique which provides valuable information for
structural characterization and chemical analysis.

2.3.2 Introduction to Raman Spectroscopy
Raman spectroscopy analyzes the inelastic scattering of light from a target sample, also
called Raman scattering. The process begins by irradiating a sample with a monochromatic light
beam, generally in the visible spectrum, although near-infrared and near-ultraviolet are used too.
This photon beam hits the surface of a target sample which will scatter the light in two ways:
elastically and inelastically.
Elastic scattering refers to the photons scattered from the target that have the same
energy/frequency/wavelength as the incident light. This is also called Rayleigh scattering and it
is the dominant type. Alternatively, inelastic scattering, which is utilized in Raman spectroscopy,
refers to light scattered with different photon energy than that of the incident light.
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The inelastic scattering of light can be of two kinds, the first being photons scattered at
higher energy than that of the initial beam. The other scenario consists on photons that scatter
with less energy than that of the incident beam. These two types of phenomena are called antiStokes and Stokes shifts, respectively. The change in energy of the scattered photons with
respect to the incident beam is called the Raman shift.
Raman shifts are the result of the incident photons interacting with the molecules in the
sample. For the Stokes shift, a fraction of the energy (ħω) of the incident photon, where ħ is
called h-bar and is given by
ħ = h / 2π

(Eq. 2.6)

ω = 2π·ν

(Eq. 2.7)

and ω is the angular frequency, denoted by

is absorbed by some of the molecular vibrations raising their original vibrational state to a virtual
state. When the molecule is relaxed it will fall to a higher vibrational state than the original. The
difference in energy between the original and the higher vibrational states is the amount of
energy that was absorbed from the incident photon. The scattered photon will have less energy
than the incident photon.
The anti-Stokes shift is produced when some of the molecules in the sample are already
in a higher vibrational state. When the incident photon interacts with one of these molecules,
again the energetic state of the molecule will rise to a virtual level, and upon relaxing it will fall
to a less energetic vibrational level than the original. In this case, the incident photon absorbs
energy from the molecule’s phonon, so the scattered photon will be more energetic than the
incident one.
The energy of the scattered photon is not arbitrarily or randomly determined; instead it
conforms to the following selection rules:
ω = ω’ ± Ω

(Eq. 2.8)

k = k’ ± K

(Eq. 2.9)

and
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where ω and ω’ are the angular frequencies of the incident and scattered photon, respectively,
and Ω is the frequency of the resulting phonon; k, k’, and K are the wavevectors of the incident
photon, scattered photon, and resulting phonon, respectively.
The above interactions can be schematized as in Figure 2.6.

Figure 2.6: Representation of the two types of Raman shifts [46].

Inelastic scattering is much weaker than Rayleigh scattering and anti-Stokes shifts are
weaker than Stokes shifts as represented in Figure 2.7.

Figure 2.7: Relative strength of the different types of scattering
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Confocal Raman Microscopy
Using the principles of confocal microscopy that provide higher spatial resolution and the
ability to focus on distinct layers of the sample, confocal Raman microscopy permits the
application of the Raman scattering and Raman imaging techniques at adjustable depths into the
sample, called depth profiles. These techniques enable the researchers to assess for differences in
the properties at the surface and in the inner regions of the materials being analyzed.

Raman Imaging
The ability of a Raman spectrometer of performing wide area scans and representing the
results on a bitmap image is called Raman imaging or Raman mapping. This bitmap image
contains the information about the spatial localization of all the frequencies measured in the
scanned area of the sample. Consequently, it is possible to filter characteristic vibrations of two
or more compounds and to visually differentiate those frequencies on the image, allowing for
localized identification of different compounds/elements within the sample.

2.4

COMPARISON OF RAMAN VS. INFRARED SPECTROSCOPY
The main difference between Raman and infrared spectroscopy is that Raman

spectroscopy studies the inelastic scattering of light from a sample, whereas infrared
spectroscopy examines the absorption of light by the sample. However, these techniques yield
complementary information about the molecular vibrations in the sample.
The molecular vibrations that exhibit a dynamic behavior of their polarizability produce
strong Raman peaks and are Raman active. Generally, this behavior is present in molecules that
vibrate symmetrically. Thus, the condition for a molecular vibration to be Raman active is
∂α / ∂qi ≠ 0
where α is the polarizability and qi is the internal coordinate related to the vibration.
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(Eq. 2.10)

On the other hand, the molecular vibrations that exhibit a change in their dipole moment
yield strong infrared peaks and are IR active. This behavior is present in molecules whose
vibrations are asymmetric. Accordingly, the condition for a molecular vibration to be IR active is
∂µ / ∂qi ≠ 0

(Eq. 2.11)

where µ is the dipole moment of the molecule.

2.5

EXPERIMENTAL SET-UP

2.5.1 Electrospinning Set-up
For the preparation of samples by electrospinning, an infusion pump from New Era Pump
Systems Inc. model NE-300 was employed (Figure 2.8). A single container with the polymer
solution blend was utilized for electrospinning, whereas two containers positioned in parallel
were used in the case of the co-electrospinning technique.

Figure 2.8: Infusion pump model NE-300 from New Era Pump Systems located at the
Department of Mechanical Engineering at UTEP.
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To prepare samples by co-electrospinning an infusion pump from Kd Scientific model
KDS-200 was used. This pump is shown in Figure 2.9.

Figure 2.9: Kd Scientific infusion pump model KDS-200 located at UTEP Department of
Mechanical Engineering

Both, the NE-300 and the KDS-200 infusion pumps, have adjustable flow rates and
syringe capacities.
The voltage applied for the creation of the electric field was 20 KV and was supplied and
regulated by an ES30P DC power supply (Gamma High Voltage Research, USA). The distance
between the tip of the needle and the collector was varied from 7.6 to 12 cm. 18G1½ and 26G3/8
needles were employed during the processes.
The target device employed for holding the collectors is presented in Figure 2.10.
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Figure 2.10: Target device of the electrospinning set-up at UTEP Department of Mechanical
Engineering

Common microscope slides were used as collectors, attached to the movable shaft in the
target device (Figure 2.10). This device allowed a smooth slide and rotation of the collector to
achieve better consistency in the fibers.

2.5.2 Infrared Set-up
The Fourier transform infrared absorption measurements were carried out using a Bruker
IFS 66v/S spectrometer shown in Figure 2.11.
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Figure 2.11: Bruker IFS 66v/S spectrometer at the UTEP Department of Physics

The inner schematics of the Bruker IFS 66v/s spectrometer are presented in Figure 2.12.
The red and black paths are the ones followed when operating the FT spectrometer.

Figure 2.12: Internal scheme of the Bruker IFS 66v/S spectrometer [courtesy of Bruker Inc.]
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The sample and optics chambers of this spectrometer operate at a moderate vacuum level
(< 3 mbar). Table 2.1 shows the parameters used in the Bruker instrument for the current analysis
of the samples.

Table 2.1: Parameters of operation used in the Bruker instrument
Parameter

Description

Spectral range

Mid-IR

Light source

Globar

Number of scans per run

256 scans

Beamsplitter

KBr

Detector

DLATGS (deuterated L-alanine doped
triglycene sulphate)

2.5.3 Raman Set-up
In order to analyze the samples via Raman spectroscopy, a WiTec Alpha 300R confocal
Raman system was used, see Figure 2.13.

Figure 2.13: WiTec Alpha 300R confocal Raman system at UTEP Department of Physics
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In the current analysis an excitation source of a 532nm Nd:YAG visible laser was
employed. A complete description of the parameters used for the Raman measurements is given
in Table 2.2.

Table 2.2: Parameters of operation utilized in the WiTec Alpha 300R spectrometer

2.6

Parameter

Description

Light source

532 nm Nd:YAG laser

Objective

20X and 100X

Accumulations

1 to 10

Accumulation time

0.5 to 5 s

SAMPLE PREPARATION
Two sets of samples were prepared and measured during this work. In the first set, the

PLLA/PCL blends and pure polymer scaffolds were spectroscopically characterized. In the
second set, the PLLA/PCL blend scaffolds were seeded with C2C12 myoblasts and the cells
were allowed to proliferate. Finally, the scaffolds with cells were characterized by Raman
spectroscopy and mapping/imaging.
New syringes and needles were used for each sample in both sets to avoid any possible
contamination or mixing.

2.6.1 First set of samples
In the first set, PCL (from Fisher Scientific) was physically blended with PLLA (from
Lactel, inherent viscosity: 1.04 dl/g in CHCl3) into a 15% w/v solution in HFP
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(Hexafluoroisopropanol, from R&D, Mw: 168.04). The materials were heated at 85 ºC for two
hours to accelerate the dissolving process. Different polymer concentrations were used, as will
be detailed later.
The solutions were placed into the electrospinning containers (BD 5 ml syringes with
18G1½ needles) to begin the process. The voltage applied to power the jet-accelerating electric
field was 20 KV. The automatic solution delivery rate was set at 0.06 ml/h and the target device
was located at 7.6 cm from the tip of the needle. The electrospinning process was carried out for
10 minutes per sample.
Three PLLA/PCL blends with concentrations of 75% PLLA / 25% PCL, 50% PLLA /
50% PCL, and 25% PLLA / 75% PCL, which will be called PLLA75/PCL25, PLLA50/PCL50,
and PLLA25/PCL75, respectively, were created. Pure polymer samples: 100% PLLA and 100%
PCL, named PLLA100 and PCL100, respectively, were also prepared.
Additionally, one blend with 100% PLLA / 100% PCL was created by coelectrospinning, this sample will be called PLLA100/PCL100.
The samples prepared and their preparation techniques are listed in Table 2.3.

Table 2.3: List of the first set of samples prepared and analyzed
Sample Name

% PLLA

% PCL

Preparation
Technique

PCL100

0

100

Electrospinning

PLLA25/PCL75

25

75

Electrospinning

PLLA50/PCL50

50

50

Electrospinning

PLLA75/PCL25

75

25

Electrospinning

PLLA100

100

0

Electrospinning

PLLA100/PCL100

50

50

Co-electrospinning
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2.6.2 Second set of samples
The second set of samples was prepared using PCL (Lactel, inherent viscosity 1.0 - 1.3
dl/g in CHCl3) and PLLA (Lactel, inherent viscosity 0.9 - 1.2 dl/g in CHCl3). The polymers were
prepared into a 15% w/v solution in HFP (R&D, Mw: 168.04) and heated at 85 ºC for 2 hours.
The solutions were left to rest overnight.
For the electrospinning process, 5 ml BD syringes were used with 26G3/8 needles. The
solution delivery rate was set at 0.4 - 0.6 ml/h and the target device located at a distance of 7.6 12 cm from the tip of the needle. The electric field was set at 20 KV. Each sample was
electrospun for 15 minutes. In this set, PLLA/PCL blends with the same concentrations as the
blends in the first set were prepared. No samples were prepared by co-electrospinning in the
second set.
Table 2.4 lists all the samples prepared in the second set.

Table 2.4: List of the second set of samples prepared and analyzed
Sample name

% PLLA

%PCL

2-PLLA75/PCL25

75

25

2-PLLA50/PCL50

50

50

2-PLLA25/PCL75

25

75

The samples in the second set were seeded with mouse C2C12 myoblasts and then
subjected to Raman analyses.
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Cell culturing
Mouse C2C12 myoblast cells were purchased from ATCC.org. Cells were cultured under
Dulbecco’s modified Eagle medium (DMEM) (Fisher Scientific, USA) supplemented with 10%
fetal bovine serum (FBS) (Fisher Scientific, USA) and 1% penicillin/streptomycin (Fisher
Scientific, USA). Cell cultures were maintained at 37 ºC, under 5% CO2 and 100% humidity
environmental conditions on 150 mm culture plates.
After reaching ~70% confluency, the cells were detached from the plate for scaffold
seeding. Cells were detached from the plate using 0.05% trypsin containing 1 mm EDTA
(ethylenediaminetetraacetic acid) and counted with a hemocytometer.

Scaffold sterilization
The sterilization of the scaffolds was carried out by placing the slides containing the
fibers into a 150 mm culture plate and wetting the scaffolds in decreasing concentrations of
ethanol/DIW (deionized water) for 4 days.
Then the cellular constructs were washed with phosphate buffered saline (PBS) and
dampened with DMEM with 10% FBS and placed in the incubator for 1 day. This procedure
reinforces protein adsorption onto the surface of the scaffold, thus promoting cell attachment
[47].

Cell seeding, proliferation, and fixing
C2C12 myoblasts were seeded on the scaffolds which were on microscope slides in a 150
mm culture plate. The cell seeding density was about 1–2x104 cells/cm2 in culture medium. After
a seeding time of around 2 hours, each culture plate was topped with 25 ml of culture medium.
Medium was changed every 2 days. Cellular culture was maintained in an incubator up to about
7 days.
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The cells were allowed to proliferate for 1, 3 and 7 days. After harvesting, the scaffolds
were washed with PBS to remove non-adherent cells and then fixed using 4% formaldehyde (in
PBS) for 1 hour at room temperature. Then the cellular constructs were dehydrated through a
series of graded ethanol solutions for 2 hours.
The final step was air-drying of the samples at room temperature in the culture plate for
at least 24 hours.
This last step finalized the preparation of the scaffolds with cells for Raman analyses. In
order to evaluate cell attachment onto the scaffolds, the day 3 (proliferation) samples were the
ones subjected to Raman scattering and Raman mapping measurements.
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Chapter 3: Results and Discussion
This chapter covers the presentation of the results from the measurements carried out by
employing the previously explained experimental techniques, along with an in-depth discussion
of the outcomes. In the first part, we present the results from the Raman scattering, Raman
mapping, and FTIR absorption measurements of the first set of samples, i.e., the scaffolds only.
In the second part of the chapter, we present the results from the Raman scattering and Raman
mapping measurements of the second set of samples, i.e., the scaffolds seeded with C2C12
myoblasts.

3.1

RESULTS FROM MEASUREMENTS OF THE PLLA/PCL SCAFFOLDS

3.1.1 Raman Scattering
Given that Raman scattering is a non-destructive technique, the first phase of the analysis
was the measurement of the Raman vibrations in the samples. The results are presented in this
section. Figure 3.1 shows the Raman spectra of the blends and pure polymers in the high
frequency region of the mid-IR spectrum, i.e., the 2700 to 3200 cm-1 region.
A noticeable feature is the variation in the intensities of the PLLA and PCL characteristic
peaks in the blend samples. For example, the weakening of the peak at 3000 cm-1 can be
observed; it belongs to the PLLA CH3 asymmetric vibration [48]. A similar effect is observed for
the vibration at 2945 cm-1, attributed to the PLLA CH3 symmetric stretching. While this peak is
the strongest peak of PLLA100, it becomes just a shoulder in the PLLA25/PCL75 spectrum.
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Figure 3.1: Raman spectra of PLLA, PCL, and their blends, in the 2700 – 3200 cm-1 region

The 2913 cm-1 peak, attributed to PCL CH2 asymmetric stretching [49], decreases in
intensity as the concentration of PCL in the blends decreases. The peaks at 2880 cm-1 (PLLA CH
stretching) and at 2870 cm-1 (PCL CH2 symmetric stretching), merge into a single broad peak in
the blends, with less intensity in the PLLA50/PCL50 spectrum.
The Raman spectra of the samples in the lower frequency region of 800 to 2000 cm-1 is
shown in Figure 3.2.
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Figure 3.2: Raman spectra of the samples in the 800 – 2000 cm-1 region

The 1700 - 1800 cm-1 region in Figure 3.2, provides valuable information about the
concentration of each polymer in the blends. Recalling the previous findings and looking at the
1770 cm-1 (PLLA) and 1725 cm-1 (PCL) peaks, both assigned to the double-bond carbon and
oxygen stretching vibration (νC=O), it is clear how the relative intensities of these peaks provide
a fair approximation of the polymer concentrations in the blend.
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While the general behavior of the peaks in the blends was previously well established,
there are two variations featured in the spectrum of the PLLA75/PCL25 sample in Figure 3.2.
The first being that PCL peaks 1285 and 1305 cm-1 and PLLA peak 1297 cm-1 were completely
merged into a single peak at 1301 cm-1 in the PLLA75/PCL25 blend. The other is that the PLLA
peak at 1096 cm-1 and the PCL peak at 1112 cm-1 coalesced into a single vibration at 1107 cm-1
in the PLLA75/PCL25 sample. The latter is noteworthy because the 1112 cm-1 vibration is
featured in the PLLA50/PCL50 blend as a rather strong vibration, then it suddenly disappears
and leaves a weak 1107 cm-1 peak in PLLA75/PCL25.
The PLLA characteristic peak at 874 cm-1 confirms again the decrease in intensity as
PLLA concentration decreases in the blends.
In order to investigate if the electrospinning and co-electrospinning techniques yielded
blends with different spectroscopic properties, the PLLA50/PCL50 sample, which was prepared
by electrospinning, was compared to the PLLA100/PCL100 sample, which was prepared by coelectrospinning, by means of Raman spectroscopy.
Figures 3.3 and 3.4 show the resulting Raman spectra for these two samples. The spectra
of pure PCL and pure PLLA are also featured as references.
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Figure 3.3: Comparison of the Raman spectra of PLLA100/PCL100 and PLLA50/PCL50 in the
higher 2700 - 3200 cm-1 frequency region
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Figure 3.4: Comparison of the Raman spectra of PLLA100/PCL100 and PLLA50/PCL50 in the
lower 800 - 2000 cm-1 frequency region

The Raman spectra of PLLA100/PCL100 and PLLA50/PCL50 in the 2600 to 3300 cm-1
region exhibit the same peaks, and no variations are observed.
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In relation to the spectra of the two polymer blends in the 800 to 2000 cm-1 region, a
significant variation in the relative intensities of the 1770 cm-1 PLLA peak and 1725 cm-1 PCL
peak is observed.
There is a coalescence of the 1453 cm-1 peak of PLLA and the 1443 cm-1 and 1420 cm-1
peaks of PCL into a strong and broad feature centered around 1451 cm-1.
The 874, 1047 and 1128 cm-1 peaks of PLLA show stronger relative intensities in the
PLLA100/PCL100 sample.
The rest of the vibrations of both blends don’t display significant variations.

3.1.2 Raman Imaging
Further investigations were performed by analyzing two of the samples by Raman
mapping technique. One of the samples was prepared by co-electrospinning, i.e.
PLLA100/PCL100, and the other, PLLA50/PCL50, was prepared by simple electrospinning. The
purpose of this analysis was to determine if there were microstructural differences in the blends
due to the differences in their preparation methods.
An optical image of the PLLA100/PCL100 blend is displayed in Figure 3.5. It can be
noticed that this blend consists of a mesh of fibers with diameters less than 2 µm showing no
preferred orientation. In this figure the area to be Raman-mapped is marked with a white
rectangle. This area is interesting because it contains overlapped as well as isolated fibers.
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Figure 3.5: Optical image of PLLA100/PCL100 showing a mark around the area scanned by
Raman imaging

In order to be able to visually differentiate between the two components of the blend, i.e.
PLLA and PCL, a filter was applied by selecting non-overlapping characteristic vibrations of
each polymer. The Raman image of PLLA100/PCL100 is presented in Figure 3.6.
To differentiate the subdomains where the selected vibrations are present, two pseudocolors were used: red for PCL and green for PLLA. Also the intensity of the pseudo-color is
directly proportional to the strength of the signal of the corresponding vibration.
For the case of PLLA, the CH3 symmetric stretching vibration at 2945 cm-1 and C=0
stretching at 1770 cm-1 were chosen. For PCL, the CH2 asymmetric stretching peak at 2913 cm-1
and the C=O stretching at 1725 cm-1 were selected.
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Figure 3.6: Raman image of PLLA100/PCL100 (green: PLLA, red: PCL)

Indeed, as revealed in Figure 3.6, the composition of the individual fibers is given by
only one polymer per fiber. Although this result was expected since in the co-electrospinning
technique two simultaneous but individual sources are used, this issue is important because the
Raman mapping provides direct evidence of this scenario.
A shortcoming of this blend could be the inhomogeneity present throughout the microregions which could further lead to unstable mechanical properties.
The next logical step was to analyze one of the samples prepared by simple
electrospinning in order to compare the possible variations in their morphology.
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Figure 3.7 shows the optical image of the PLLA50/PCL50 sample. Again, a mark was
drawn around the area that was Raman mapped.

Figure 3.7: Optical image of PLLA50/PCL50 showing a mark around the area mapped by
Raman imaging

Comparison of the two optical images (see Figures 3.5 and 3.7) shows a more orderly
arrangement of the fibers in the case of the PLLA50/PCL50 sample than that of the
PLLA100/PCL100 sample. A higher density of nanofibers is also noted in the case of the
electrospinning sample.
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When performing the Raman imaging the focus was to select a single fiber and to be able
to evaluate the blend composition. The Raman image of the PLLA50/PCL50 sample is displayed
in Figure 3.8.

Figure 3.8: Raman image of PLLA50/PCL50 (green: PLLA, red: PCL)

Since this sample features individual fibers containing sub-regions of each polymer, as
can be seen in Figure 3.8, the image was mapped using a higher resolution to enhance the
visualization of the corresponding sub-domains inside the fiber. Again, the green regions belong
to the presence of PLLA, while the red regions correspond to the signal from PCL.
The knowledge of the microstructure of the fibers that compose the blends is very
important since it can be correlated with other properties such as the biodegradability,
bioresorbability, and biocompatibility of the material.
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3.1.3 FTIR Absorption
The pure polymers and their blends prepared by electrospinning were subjected to
infrared absorption measurements where the same order in analysis as that used in Raman
evaluations was followed. Figure 3.9 shows the spectra of the blends in the 2700 to 3200 cm-1
region.

Figure 3.9: Infrared spectra of the blends and pure polymers in the 2700 to 3200 cm-1 region

Supporting evidence of a direct relation between peak intensities and polymer
concentration in the blends is provided in the graph.
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For instance, the 2996 cm-1 peak in PLLA, which corresponds to the CH3 asymmetric
stretch [48] (νas(CH3)) and is the most intense peak in the spectrum of the PLLA100 sample in
this region, decreases in intensity in the spectrum of the PLLA75/PCL25 sample. It reduces even
more in the spectrum of the PLLA50/PCL50 sample, to become just a very weak shoulder in the
spectrum of the PLLA25/PCL75 blend. This observation constitutes part of the supporting
evidence stated earlier; more observations that are similar will be presented later in the chapter.
The 2947 cm-1 peak is shared by both PLLA and PCL. This peak is sharp in the PLLA
spectrum, while in the blends and in PCL spectra it is broader. This peak is ascribed to the CH3
symmetric stretching [48] (νs(CH3)) of PLLA. For PCL, Misra et al. [49] reported the 2916 cm-1
vibration to belong to the CH2 asymmetric stretching (νas(CH2)).
A weak peak in PLLA at 2881 cm-1 which is due to the CH stretching [48] (νCH)
disappears in the spectra of the blends.
The pure PCL sample shows a narrow peak at 2868 cm-1 which, according to Misra et al.
[49] belongs to the CH2 symmetric stretching (νa(CH2)). This peak manifests a small reduction in
its intensity in the blends, as well as a minor broadening.
In Figure 3.10, the spectra of the same polymers as above are presented in the lower
frequency region of 100 to 2000 cm-1.
The first observed feature is that the intensities of the peaks in this lower frequency
region are stronger relative to the intensities of the peaks in the higher frequency region of Figure
3.9. It is recalled that in the Raman spectra the opposite of this was observed.
Similar to the previous figure, some vibrations of PLLA and PCL convolute in the
spectra of the blends. This trend is clearly observable in the PLLA peak at 1755 cm-1 and the
PCL peak at 1728 cm-1; both peaks are attributed to the stretching of the double-bonded carbon
and oxygen, νC=O. Not only do the spectra of the blends reveal a broad peak composed of these
vibrations, but there is a variation in the intensities of these peaks in accordance with the
concentration of each polymer in the blend.
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Figure 3.10: Infrared spectra of PCL, PLLA and their blends in the 100 – 2000 cm-1 region

Another two characteristic peaks of each polymer in this region are the PLLA peak at
1456 cm-1 and the PCL peak at 1471 cm-1, which belong to CH3 asymmetric bending and CH2
scissoring, respectively. In this case, the 1471 cm-1 vibration is completely ‘absorbed’ in the
blends by the PLLA peak at 1456 cm-1.
Another variation in the intensities of characteristic polymer peaks which is in
accordance with the polymer concentrations is observed for the PCL vibration at 453 cm-1, which
decreases in intensity for blends with less PCL, and the PLLA peak at 395 cm-1, which shows the
same behavior in relation to the PLLA content.
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No significant frequency shifts were observed in any of the blends.
As in Raman measurements, the PLLA100/PCL100 and the PLLA50/PCL50 samples
were analyzed and their spectra compared. Again, in Figures 3.11 and 3.12 besides the spectra of
the blends, we present the spectra of the two pure polymers for reference.

Figure 3.11: Comparison of infrared spectra of PLLA100/PCL100 and PLLA50/PCL50 in the
2600 - 3300 cm-1 region
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Figure 3.12: Comparison of infrared spectra of PLLA50co and PLLA50 in the 100 - 2000 cm-1
region

The spectra of the blends exhibit a similar general behavior. For example, the
PLLA100/PCL100 blend exhibits stronger intensity in the majority of the vibrations, which can
be attributed to the greater amount of material in the sample. Slight differences, as in the relative
intensities of the 395 and 453 cm-1 peaks, and those of the 733 and 757 cm-1 peaks are also
observed.
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3.2

RESULTS FROM MEASUREMENTS OF THE SCAFFOLDS SEEDED WITH MYOBLASTS
As stated earlier, the second set of polymeric blend scaffolds were seeded with C2C12

myoblasts with the objective of assessing cell attachment via Raman spectroscopy. The results
are presented next.

3.2.1 Raman Scattering
The blends listed in Table 2.4 were measured by Raman scattering after three days of
proliferation of the myoblast cells. The resulting spectra of these measurements in the 2600 3200 cm-1 frequency region are presented in Figure 3.13.
The spectrum of the isolated cells is displayed in blue in the uppermost part of Figure
3.13. This spectrum was included for comparison purposes. The main vibration of the cells in the
high frequency region of the infrared spectrum is a strong feature with its maximum peak at 2935
cm-1. This vibration is located within the region where the CH stretching vibrations manifest.
The graphs corresponding to the blends 2-PLLA75/PCL25 and 2-PLLA50/PCL50 feature
the PLLA vibrations at 3002 and 2948 cm-1 and the PLLA/PCL convoluted peak at 2883 cm-1.
Another peak featured in these two graphs is a broad shoulder centered around 2922 cm-1; this
peak is a convolution of the PCL peak at 2920 cm-1 and the cell’s peak at 2935 cm-1.
The 2-PLLA25/PCL75 graph exhibits the PLLA vibration at 3002 cm-1 as a very weak
shoulder. Another PLLA vibration is seen around 2943 cm-1 and the PLLA/PCL convoluted
vibration appears at 2878 cm-1 in this graph. All these vibrations are consistent with the peaks
featured in the spectra of the blends without cells (Figure 3.1), except for the peak at 2920 cm-1.
The 2920 cm-1 peak is the strongest in the spectrum of this sample. It is to be remembered that
the spectra of the blends without cells (Figure 3.1) featured a peak around 2913 cm-1 which
belongs to PCL. A slight shift of this peak towards higher energy (from 2913 to 2920 cm-1) is
observed in the spectra of PLLA25/PCL75 with cells.
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This shift is too small in magnitude considering the 4 cm-1 resolution of the instrument
and the broadness of the main peak; therefore we won’t consider this as a significant shift.

Figure 3.13: Raman spectra of day 3 PLLA/PCL blends seeded with C2C12 cells in the 2700 3200 cm-1 frequency region.

Another noticeable feature in the figure is what might seem as the disappearance of the
vibration from the cells at 2935 cm-1 in all the blends. At first glance, it looks as if the PCL
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vibration at 2913 cm-1 and the cell’s vibrations at 2924 and 2935 cm-1 were shifting to a single
band at 2920 cm-1; however the correct explanation is that since the 2935 cm-1 vibration is less
intense than those of the polymers, the latter overlap the peak from the cells.
Neither of the weak shoulders in the spectrum of the cells is evidently present in the
spectra of the polymer blends.
To complement the previous graph, the Raman spectra of the blends in the lower
frequency region of 800 - 2000 cm-1 are presented in Figure 3.14.
Again, the spectrum of the isolated cells is displayed at the uppermost part of the Figure
3.14. There are a few noteworthy vibrations in the spectra of the cells. The first is the peak at
1661 cm-1. This vibration is mainly ascribed to the C=O stretching in the amide I group of
myosin [50] and is a characteristic vibration of the myoblasts. It is necessary to state that water
also features strong vibrations in this range. Another strong and sharp peak is at 1453 cm-1,
which corresponds to the CH bending. The vibrations in the 1210 - 1330 cm-1 region originate
from the C - N stretching and N - H bending in the amide III group. The 1008 cm-1 peak
corresponds to the C - C ring stretch in phenylalanine and the 858 cm-1 vibration is due to the
CH2 residue rocking in tyrosine.
The C=O stretching vibrations of PLLA and PCL are again present in the three blends at
1774 and 1726 cm-1 respectively and those peaks change intensity in a proportional way with the
concentration of each polymer in the blend. This behavior is the same as in the blends without
cells.
The spectra of the three blends feature a broad band centered around 1671 cm-1. This
vibration, which corresponds to the C=O stretching in myosin contained within the myoblasts,
has broadened as compared with the original sharp vibration from the cells at 1661 cm-1.
Similarly to the case of the PCL peak, in this case the apparent shift is not significant
given the broadness of the peak and the small magnitude of the shift. Nevertheless, the
broadening of this peak could be related to the physical (non-chemical) interactions between the
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molecules of the cells with the ones of the polymers in the blend, thus supporting the statement
of cell attachment onto the scaffolds.

Figure 3.14: Raman spectra of day 3 PLLA/PCL blends seeded with C2C12 myoblasts in the 800
- 2000 cm-1 frequency region.
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The peaks featured by the three blends around 1453 cm-1 are a convolution of the 1453
cm-1 vibration from the cells, the 1453 cm-1 peak in PLLA, and the 1443 cm-1 feature of PCL.
In the 1200 - 1400 cm-1 region in the spectra of the blends, the predominant peak is at
1308 cm-1, which comes from the cells. A weaker and broad peak is found at 1244 cm -1 in the 2PLLA25/PCL75 and 2-PLLA50/PCL50 blends.
There is a difference in the peaks in the 1040 - 1130 cm-1 region between the blends with
higher PCL concentrations, i.e. 2-PLLA25/PCL75 and 2-PLLA50/PCL50, and the blend with
less PCL concentration, i.e. 2-PLLA75/PCL25. The former peaks are mainly sharp and clear, the
latter are broad and convoluted.
The 1008 cm-1 vibration from the cells is present in the three blends at different
intensities. The intensity of this peak in the spectra of the blends could be an indicator of the cell
density in the measured area.
The 918 cm-1 peak, corresponding to the presence of PCL in the blends, is visible in the
2-PLLA25/PCL75 and 2-PLLA50/PCL50 blends, but not in the 2-PLLA75/PCL25 sample.
There is another possible shift towards higher energy of the 879 cm-1 peak in the spectra
of the blends. The scaffolds without cells showed a sharp peak belonging to PLLA at 874 cm-1
(see Figure 3.2). Since the magnitude of the shift is only 5 wavenumbers, we won’t consider it a
significant shift.

3.2.2 Raman Imaging
With the main vibrations in the spectra of the scaffolds with cells fully identified, the next
phase was to subject the samples to Raman mapping. As with the previous set of samples, this
technique yielded important information about the materials in the scaffolds.
Figure 3.15 shows an optical image of the PLLA25/PCL75 scaffold seeded with
myoblasts.
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The white box in Figure 3.15 circumscribes the area that was Raman mapped. This area
features a cell located between two fibers that run downward into the scaffold.

Figure 3.15: Optical image of the 2-PLLA25/PCL75 scaffold with myoblasts; the area to be
mapped is shown within the white box

For the execution of the Raman mappings of the three blends with cells, a set of
characteristic vibrations for each material was selected to be able to visually differentiate the
micro and nano-regions within the scaffold.
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Unless stated otherwise, the characteristic vibrations used for the above mentioned
purpose are listed in Table 3.1.

Table 3.1: Characteristic vibrations used in Raman mapping for visual differentiation of the
micro and nano-regions of the scaffolds with cells.
Material

Frequency

C2C12 cells

1671 cm-1

PLLA

1726 and 2945 cm-1

PCL

1774 and 2913 cm-1

Three pseudo-colors were used to differentiate the main constituents of the samples:
green for PLLA signatures, red for PCL, and blue for cells.
An orange/yellowish color is also observed in the Raman images; these regions are due to
the overlapping of PLLA and PCL vibrations. When the color tends to orange it means PCL is
predominant and when the color tends to light yellow it means that PLLA is predominant in the
mixture.
All the Raman images were subjected to exposure adjustments so as to reduce
background noise as much as possible.
The Raman image of the area marked in Figure 3.15 by the white box is presented in
Figure 3.16.
Taking into consideration the information given earlier, this image clearly depicts the
fibers as a mixture of PLLA and PCL, with PCL regions clearly dominating the fibers’ areas.
PLLA signals are located mainly at the perimeter of the fibers and where the yellow and orange
pseudo-colors are displayed within the fibers. The cell is clearly distinguishable from the fibers
with some signals overlapping with those of the fibers.
60

Figure 3.16: Raman image of a selected area of the 2-PLLA25/PCL75 scaffold with myoblasts;
blue: cells, green: PLLA, red: PCL

An important observation is that the cell diameter is greater than those of the fibers, even
though the cell is a small one. This is fundamental for cell attachment.
Going back to the vibration at 2935 cm-1 in the spectrum of the cells, it was stated before
that this peak seemed to disappear from the spectra of the blends. Figure 3.17 proves that this
vibration is still there at its original frequency, only that it is being overlapped by the polymers’
peaks.
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The Raman filter was set as to only highlight signals from a small range of frequencies
containing that vibration. The result was a very clear oval-shaped cell located at the exact same
place where the cell in blue-pseudo-color was located in Figure 3.16.

Figure 3.17: Raman image of 2-PLLA25/PCL75 scaffold with cells, showing the regions where
vibrations in the 2926 - 2938 cm-1 frequency range are found

In the next graphic (Figure 3.18), the optical image of the 2-PLLA50/PCL50 scaffold
with cells is presented.
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Figure 3.18: Optical image of the 2-PLLA50/PCL50 scaffold with myoblasts; the area to be
mapped is shown within the white box

Again, the area to be scanned by Raman mapping was marked by a white box. This area
features a cell right next to an intersection of fibers. The alignment of the fibers is seen to be
random.
The Raman image of a selected area within the 2-PLLA50/PCL50 scaffold is presented in
Figure 3.19.
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Figure 3.19: Raman image of a selected area of the 2-PLLA50/PCL50 scaffold with myoblasts;
blue: cells, green: PLLA, red: PCL

The distribution of the two polymers within the fibers is noticeable. Oppositely to the
previous scaffold, the PCL regions are now concentrated in the perimeters of the fibers, although
PCL signals are also coming from the inside of the fiber as depicted by the orange/yellow
regions. The amount of each polymer is confirmed to be roughly half PLLA and half PCL.
The diameter of the cell (in blue pseudo-color) is much larger than the diameter of the
fibers to which it is attached. Some cell highlights are seen right by the edge of the fibers as well.
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Recalling the broad peak ‘maxing’ around 2922 cm-1 exhibited in the spectra of the 2PLLA50/PCL50 and 2-PLLA75/PCL25 samples, it is important to verify from which material
that peak came.
This time the Raman filter was set to show only the frequencies in the 2916 - 2925 cm-1
range. The resulting Raman image is shown in Figure 3.20.

Figure 3.20: Raman image of 2-PLLA50/PCL50 scaffold with cells, showing the regions where
vibrations in the 2916 - 2925 cm-1 frequency range are found

This image reveals that the signal from the stated frequency range comes primarily from
the fibers, although this time the image also features some highlights in the region where the cell
is located. This evidences that the broad peak around 2922 cm-1 in the 2-PLLA50/PCL50
scaffold is a convolution of the PCL peak at 2920 cm-1 and the cell’s peak at 2924 cm-1.
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In what follows, the same broad peak will be analyzed in the 2-PLLA75/PCL25 sample.
Figure 3.21 displays an optical image from the 2-PLLA75/PCL25 sample seeded with
myoblasts.

Figure 3.21: Optical image of the 2-PLLA75/PCL25 scaffold with myoblasts; the area to be
mapped is shown within the white box
This image features randomly oriented fibers and two cells attached to one fiber at the
same spot on opposite sides.
Once more, a white box encloses the area that was scanned using Raman mapping. The
Raman image of that area is shown in Figure 3.22
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Figure 3.22: Raman image of a selected area of the 2-PLLA75/PCL25 scaffold with myoblasts;
blue: cells, green: PLLA, red: PCL

In this figure, it can be noticed that the fibers now feature fewer and more scattered
highlights from the PCL vibrations as revealed by the red and yellow regions; the main
constituent of the fibers is PLLA in this blend.
The two circular cells in the figure are clearly defined and it can be seen that both cells
are attached to the fiber between them at the same spot; even an elongation from the cells onto
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the fiber can be spotted. The lower cell seems to be attached to the three fibers featured in the
image.
The same analysis performed for the broad peak around 2922 cm-1 in the previous sample
was carried out for the 2-PLLA75/PCL25 scaffold.
Again, the Raman filter was set to highlight frequencies in the 2916 – 2925 cm-1 range in
order to determine the origins of the 2922 cm-1 broad band.
Figure 3.23 shows the Raman image resulting from this analysis.
What can be observed in the figure is that now the strongest part of the signal is coming
from the cells, with small to moderate contributions from the fibers. This is expected, since the
concentration of PCL in this sample is much smaller. Again the conclusion here is that the broad
band at 2922 cm-1 is formed by a coalescence of the PCL peak at 2920 cm-1 and the cells’ peak at
2935 cm-1 with a greater contribution from the cells’ vibration.
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Figure 3.23: Raman image of 2-PLLA50/PCL50 scaffold with cells, showing the regions where
vibrations in the 2916 - 2925 cm-1 frequency range are found
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Chapter 4: Conclusions and Future Work
4.1 CONCLUSIONS
A comprehensive knowledge about the properties of a material, especially in the
biomedical field, is of great importance when evaluating material-application relations.
Information about structure, morphology, and chemical bonds within a material can be
obtained with the use of Raman scattering and infrared absorption spectroscopic techniques.
In this work, valuable information about the spectroscopic behavior of nanofibrous
PLLA/PCL blends prepared by electrospinning in various concentrations, with and without cells
was provided.
The first substantial outcome was the establishment of a direct relation between the
relative intensities of the characteristic peaks of each polymer and the concentration of the
respective polymer in the blends. This enables the quantitative approximation of relative polymer
concentrations in the blends. This result was founded in both Raman and infrared spectroscopy
measurements and analysis.
Additionally, the Raman spectra of the electrospun blends exhibited peak convolutions at
several frequencies and the disappearance of the PCL peak at 1112 cm-1 in the PLLA75/PCL25
sample. In the same sample, a convolution of peaks 1285 and 1305 cm-1 from PCL and 1297 cm1

from PLLA is observed at 1301 cm-1.
The comparison between the spectra of the co-electrospinning vs. electrospinning blends

yielded evidence of changes in the relative intensities of some vibrations. This could be
explained by the fact that when using co-electrospinning there is no order in which the fibers
from each syringe arrive at the collector. This could produce regions with more fibers from one
polymer and other regions with a larger concentration of the other polymer. Since the Raman
instrument is confocal, it takes the measurements from a specific focus plane which could have
been influenced by the previously mentioned changes in concentration.
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No substantial frequency shifts were observed in any spectrum, which lead us to conclude
that the two polymers are immiscible, which is in agreement with the literature.
Two Raman images, created by employing the confocal Raman mapping technique, were
analyzed. It was found that the PLLA100/PCL100 sample, prepared by co-electrospinning, was
formed by a mesh of independent fibers of each polymer. The PLLA50/PCL50 blend was
composed of nanofibers, each containing different sub-regions of each polymer in various
proportions.
A second set of PLLA/PCL blend scaffolds was prepared and seeded with C2C12
myoblasts. The samples were analyzed using Raman scattering and mapping.
The vibrations from the cells-only spectrum were fully identified, and it was determined
that the 1661 cm-1 peak corresponding to the C=O stretching in myosin was a characteristic
vibration from the cells.
The Raman spectra of these samples revealed a convolution of PCL and cells’ peaks
around 2922 cm-1 and that the cell’s peak at 2935 cm-1 is overlapped by the polymers peaks
nearby.
The cell’s characteristic peak at 1661 cm-1 experienced a significant broadening with a
center around 1671 cm-1 in the spectra of the blends. This could be evidence of cell attachment
onto the fibers of the scaffold.
The Raman images of the blends in the second set of samples allowed visual
differentiation between the regions where cells’ vibrations were present from the regions where
the polymers’ vibrations were located.
This information is of great value to scaffold designers when deciding on the properties
they want the final product to have. Based on these contributions we demonstrated the usefulness
of the Raman mapping technique in the biomedical field for the characterization and
differentiation of several components within a sample in the micro and nano-scales.
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4.2 FUTURE WORK
There is still a large amount of research to be done on the type of scaffolds prepared in
this work. It is necessary to perform mechanical properties calculations of the different blends
containing cells and compare the results to the data available in the literature about scaffolds
without cells.
Cell proliferation tests in this type of scaffold and in vivo biodegradability tests assessing
cytotoxicity are other areas of future research.
Finding a scaffold in which myoblasts can attach, proliferate, and differentiate into
cardiac myocytes would be a milestone in tissue engineering.
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